All living organisms communicate with the external environment for their survival and existence. In prokaryotes, communication is achieved by twocomponent systems (TCS) comprising histidine kinases and response regulators. In eukaryotes, signalling is accomplished by serine/threonine and tyrosine kinases. Although TCS and serine/threonine kinases coexist in prokaryotes, direct cross-talk between these families was first described in Group B Streptococcus (GBS). A serine/threonine kinase (Stk1) and a TCS (CovR/CovS) co-regulate toxin expression in GBS. Typically, promoter binding of regulators like CovR is controlled by phosphorylation of the conserved active site aspartate (D53). In this study, we show that Stk1 phosphorylates CovR at threonine 65. The functional consequence of threonine phosphorylation of CovR in GBS was evaluated using phosphomimetic and silencing substitutions. GBS encoding the phosphomimetic T65E allele are deficient for CovR regulation unlike strains encoding the nonphosphorylated T65A allele. Further, compared with wild-type or T65A CovR, the T65E CovR is unable to bind promoter DNA and is decreased for phosphorylation at D53, similar to Stk1-phosphorylated CovR. Collectively, we provide evidence for a novel mechanism of response regulator control that enables GBS (and possibly other prokaryotes) to fine-tune gene expression for environmental adaptation.
Introduction
Post-translational modification of proteins is crucial for regulation of biological processes in prokaryotes and eukaryotes. Although 200 different types of posttranslational modifications are known, reversible modifications are most important for control of cellular functions (Krishna and Wold, 1998; Raggiaschi et al., 2005) . Of these, reversible protein phosphorylation is fundamental to signal transduction and enables organisms to respond to changes in the environment. Phosphorylation can occur at multiple sites and affect protein function. O-phosphorylation is common in eukaryotes and occurs on serine, threonine and tyrosine amino acids. These phosphorylation events require the function of serine/ threonine and tyrosine kinases and their cognate phosphatases, of which as many as 500 are encoded in the human genome (Manning et al., 2002) . Deviation from normal phosphorylation events mediated by these signalling cascades can lead to changes in cellular function and disease (Cohen, 2002) .
In contrast to the serine/threonine and tyrosine signalling cascades in eukaryotes, signal transduction in prokaryotes is primarily accomplished by two-component systems (TCS) . TCS regulate gene expression in response to external signals and play a critical role in bacterial disease pathogenesis (Hoch and Silhavy, 1995; Beier and Gross, 2006) . A typical TCS comprises a membrane-associated sensor histidine kinase and its cognate response regulator (often a DNA binding protein). Environmental signals are detected by the histidine kinase, which then phosphorylates its cognate response regulator at a conserved aspartate residue. Aspartate phosphorylation usually alters the effector activity which is most often DNA binding affinity and control of gene expression (Hoch and Silhavy, 1995; Stock et al., 2000) . As a consequence of altering gene expression, the organism can respond to the initiating external signal, and the altered environment.
Although previously thought to be mutually exclusive, recent advances in genome analyses have indicated the presence of serine/threonine kinases (STK) and their cognate phosphatases in prokaryotes (Kennelly, 2002; Deutscher and Saier, 2005) . Similarly, the existence of TCS has been described in eukaryotes such as Saccharomyces cerevisiae, Oryza sativa and Arabidopsis thaliana (Chang et al., 1993; Chang and Meyerowitz, 1995; Zhang et al., 2004; Stepanova and Alonso, 2005; Pareek et al., 2006) . Interestingly, environmental adaptation in S. cerevisiae and A. thaliana is accomplished in part, through heterologous TCS and STK signalling systems. Responses to ethylene in A. thaliana and osmotic stress in S. cerevisiae involve TCS that sense external signals and regulate downstream mitogen-activated protein kinase (STK) signalling pathways (Chang et al., 1993; Chang and Meyerowitz, 1995; Zhang et al., 2004; Stepanova and Alonso, 2005) . Despite the importance of STKs in virulence of bacterial pathogens such as Streptococci, Enterococci, Yersinia, Pseudomonas, and Mycobacterial sp., their role in prokaryotic signalling is not completely understood (Hakansson et al., 1996; Barz et al., 2000; Juris et al., 2000; Koul et al., 2001; Chaba et al., 2002; Madec et al., 2002; Rajagopal et al., 2003; Cowley et al., 2004; Jin and Pancholi, 2006; Kristich et al., 2007; Mougous et al., 2007) . Examples of cross-talk between STK and bacterial signalling molecules in regulation of gene expression for environmental adaptation are minimal, suggesting that these signalling pathways are discrete. Although STKs in Myxococcus (Pkn14) and Mycobacteria (PknH) were described to phosphorylate transcriptional regulators such as MrpC of the cAMP receptor protein family and EmbR of the SARP (Streptomyces antibiotic regulatory protein) family (Molle et al., 2003; Nariya and Inouye, 2005; 2006; Sharma et al., 2006) , the role of phosphorylation on DNA binding is not completely understood. Our previous studies established that an STK (Stk1) and a classical TCS (CovR/CovS) co-regulate toxin expression in the human pathogen Group B Streptococci (GBS; Rajagopal et al., 2006) .
Group B Streptococci or Streptococcus agalactiae are Gram positive bacteria that can cause invasive infections in human newborns and in diabetic, immunocompromised and elderly adults. However, GBS commonly reside as commensal organisms in the genital and gastrointestinal tracts of healthy adult women (Baker and Edwards, 1995, Doran and . Because of its ability to transition from a commensal organism to an invasive pathogen in the human host, regulation of gene expression in response to the external environment is essential for GBS disease pathogenesis. Signalling systems play a crucial role in adaptive responses of GBS; in their absence, inappropriate expression of virulence factors can severely compromise its existence as a commensal or as a pathogen. Signal transduction systems in GBS comprise approximately 20 TCS, a single STK Stk1 and its cognate phosphatase Stp1, and a tyrosine kinase CpsD and its cognate phosphatase CpsB (for genome sequences, see Glaser et al., 2002; Tettelin et al., 2002; . Although 17 TCS are conserved among GBS serotypes (Glaser et al., 2002; Tettelin et al., 2002; Jiang et al., 2005) , the role of only four systems in regulation of gene expression has been described (DltR/DltS, CovR/CovS, RfgA/RgfC and CiaR/CiaH; Poyart et al., 2001; Spellerberg et al., 2002; Lamy et al., 2004; Jiang et al., 2005; Quach et al., 2008) . Relevant to this study, the TCS known as CovR/CovS (also called CsrR/CsrS) and a STK known as Stk1 regulate GBS virulence and cytotoxin expression (Rajagopal et al., 2003; 2006; Lamy et al., 2004; Jiang et al., 2005) .
Expression of the GBS cytotoxins known as b-haemolysin/cytolysin (b-H/C) and CAMP factor is regulated by CovR/CovS and Stk1. The response regulator CovR represses the expression of b-H/C and activates the expression of CAMP factor in GBS (Lamy et al., 2004; Jiang et al., 2005) . Studies have shown that CovS, the sensor histidine kinase of CovR, enhances CovRmediated repression of b-H/C and activation of CAMP factor through phosphorylation of the conserved aspartate residue at position 53 (D53) (Jiang et al., 2005; 2008) . Our previous work indicates that Stk1 positively regulates expression of b-H/C and negatively regulates expression of CAMP factor in a CovR-dependent manner (Rajagopal et al., 2006) . Although these studies suggested that Stk1 can phosphorylate CovR in vitro, the in vivo relevance and functional consequence of the post-translational modification was not established. The interactions between different signalling systems triggered our interest in understanding the functional consequence of serine/ threonine phosphorylation of the response regulator CovR on GBS gene expression. In this report, we demonstrate that a threonine residue at position 65 (T65) is required for Stk1 phosphorylation. GBS encoding the phosphomimetic T65E CovR allele is deficient for CovR function, whereas the strain encoding the nonphosphorylated T65A CovR allele is not. Furthermore, we show that the T65E CovR protein is unable to bind promoter DNA due to decreased phosphorylation at D53, unlike either wild-type (WT) or T65A CovR. Taken together, our results indicate that threonine phosphorylation of CovR reduces its activation at the conserved aspartate and consequently diminishes its ability to bind DNA and control GBS gene expression. The existence of two diverse phosphorylation events that are linked to control the function of a response regulator is likely to be beneficial for environmental adaptation and GBS disease pathogenesis.
Results

Stk1 phosphorylates the N-terminus of CovR
The response regulator CovR was shown to repress expression of b-H/C and activate expression of CAMP factor (Lamy et al., 2004) . Our previous studies showed that Stk1 alleviates CovR repression of b-H/C and activation of CAMP factor and can also phosphorylate CovR in vitro (Rajagopal et al., 2006) . Thus, we hypothesized that phosphorylation at a serine or threonine (S/T) may decrease CovR activity in GBS. To test this hypothesis, we first sought to identify the serine and/or threonine (S/T) residues that are phosphorylated in CovR. We subsequently compared cytotoxin expression and CovR regulation in GBS that express WT or a substitution which mimics the constitutively phosphorylated state of CovR (also known as phosphomimetic and are represented by S/T to glutamate or aspartate substitutions S/T: E/D). Because phosphorylation of polar, uncharged amino acids such as S/T and tyrosine (Y) confers a negative charge to these residues, their substitution with negatively charged amino acids such as E or D are considered to function as phosphomimetic substitutions. In contrast, substitution of phosphorylated S/T and Y residues with neutral or basic amino acids are considered to function as silencing substitutions (Wang and Klemke, 2008) . Consequently, these two classes of mutations are often used to evaluate the role of S/T and Y protein phosphorylation in eukaryotes (for examples, see Fillebeen et al., 2003; Wagner et al., 2004; Lauberth et al., 2007; Onischenko et al., 2007) .
In order to identify the S/T amino acids that are phosphorylated in CovR, we initially examined whether Stk1 preferentially phosphorylated CovR at the N-or C-terminus. Truncated CovR proteins encoding either the first 120 amino acids (M1-Q120, hereafter referred to as N120) or the C-terminal 120 amino acids (E121-K229, hereafter referred to as C108) were constructed and purified as described in Experimental procedures. The amino acid sequence of the entire CovR protein and amino acids encoded in the N-and C-terminal truncations are shown in Fig. 1A . In vitro phosphorylation reactions were performed with full-length, N120 and C108 CovR in the presence or absence of Stk1 as described in Experimental procedures. The reaction products were analysed on 15% SDS-PAGE followed by autoradiography. Figure 1B shows the Coomassie-stained gel and Fig. 1C depicts the autoradiograph of the same gel. As observed previously (Rajagopal et al., 2006) , we confirmed that Stk1 autophosphorylates in vitro (Fig. 1C, lanes 1, 3, 5 and 7) , and phosphorylates full-length CovR (Fig. 1C, lane 3) . Autophosphorylation was not observed with the full-length or truncated forms of CovR in the presence of [g-32 P]-ATP (Fig. 1C, lanes 2, 4, and 6 ). The addition of Stk1 to N120 CovR produced a robust phosphorylated band, whereas Stk1 did not substantially phosphorylate C108 (Fig. 1C , compare lanes 5 and 7). The faint band denoted by a asterisk (*) in C108 (Fig. 1C, lane 7) is also observed in the lane with Stk1 alone (Fig. 1C, lane 1) . Taken together, these data indicate that S/T phosphorylation occurs within the first 120 amino acids of CovR.
Stk1 phosphorylates CovR at threonine 65
We next constructed site-directed mutants in the threonine and/or serine residues located within N120. CovR mutants were constructed to replace threonine residues at position 33, 41, 65, 73, 74, 80 and serine residues at position 19 and 84 with alanine respectively. These mutants were derived using both N120 and fulllength CovR plasmids as templates (see Experimental procedures). Subsequently, mutant CovR proteins were purified and in vitro phosphorylation reactions were performed in the presence and absence of Stk1 as described in Experimental procedures. The reaction products were analysed on 15% SDS-PAGE followed by autoradiography. Among all CovR mutants tested, we observed decreased Stk1 phosphorylation only with the CovR T65A substitution (shown in Fig. 1E ). Figure 1D is the Coomassie-stained gel and Fig. 1E is the autoradiograph of the same gel. Note that Stk1-dependent phosphorylation was not affected in the T33A or the double T73A/T74A CovR (Fig. 1E , lanes 2 and 6). In contrast, Stk1-mediated phosphorylation was severely reduced in T65A CovR (Fig. 1E , lane 4), indicating that T65 is the predominant amino acid necessary for Stk1 phosphorylation. The faint band denoted by a asterisk (*) in lane 4 was similar to that observed previously with Stk1 alone as shown in Fig. 1C . Similar results were observed with full-length T65A CovR (data not shown). Further, decreased Stk1-mediated phosphorylation was not observed with other site-directed CovR mutants T41A, S19A, S84A, T124A, T126A, T157A, S132A, S134A and S155A (data not shown). Thus, T65 is critical for Stk1 phosphorylation of CovR.
T65E CovR does not complement DcovR for cytotoxin expression
To test our hypothesis that phosphorylation at T65 decreases CovR activity in vivo, we compared cytotoxin expression in GBS strains that encoded either the T65A or T65E CovR allele. Our previous studies have shown that CovR-mediated repression of b-H/C and activation of CAMP factor was increased in the Dstk1 strains (Rajagopal et al., 2006) . Therefore, we predicted that the negatively charged T65E CovR would not complement the DcovR strain for cytotoxin expression and CovR function. Conversely, substitution of T65 with a neutral amino acid such as alanine (T65A) should restore cytotoxin expression and CovR function to the DcovR strain. Using DcovR as the parent strain, we derived GBS strains that carried either the T65E or the T65A CovR alleles on the chromosome as described in Experimental procedures. Because the mutants are not plasmid integrants and are exact allelic replacements of covR in GBS, these alleles are Novel response regulator control 1479 stable and provide us with the advantage of analysing gene expression without plasmid-associated problems such as (i) copy number effects; (ii) addition of antibiotics for retention of the plasmid integrant strains; and (iii) the presence of non-endogenous promoter elements. We initially analysed expression of CAMP factor and b-H/C on blood agar plates and subsequently performed quantitative reverse transcription polymerase chain reaction (qRT-PCR) to examine transcription of these cytotoxins. Consistent with our hypothesis, we observed increased expression of CAMP factor in the presence of T65A CovR, but not in the presence of T65E CovR (compare the triangular zone of lysis at the junction between GBS and Staphylococcus aureus in Fig. 2A ). Likewise, repression of b-H/C was restored in the presence of T65A CovR and was similar to the Dstk1 strain. In contrast, b-H/C expression in the presence of T65E CovR was similar to the DcovR strain ( Fig. 2A) . qRT-PCR confirmed that transcription of cylE (b-H/C) was 10-12-fold higher compared with WT in both DcovR and T65E CovR (Table 1 ). In contrast, cylE transcription was lower in the presence of T65A CovR compared with DcovR and T65E CovR and was similar to the Dstk1 strain (see Table 1 ). Transcription of cfb (CAMP factor) was also restored in the DcovR strain by T65A CovR (see Table 1 ). In contrast, cfb transcription was Յ 10-fold compared with WT in the presence of T65E CovR (Table 1) . These results confirm that the T65A CovR substitution is functional in GBS unlike the T65E CovR substitution (see Table 1 ).
Aspartate at position 53 is required for CovR regulation of GBS cytotoxins
Previous studies have indicated that the cognate sensor kinase CovS enhances CovR activity through phosphorylation at the conserved aspartate (D53) similar to CovR/S in Group A Streptococcus (GAS) (Lamy et al., 2004; Jiang et al., 2005; 2008; Gusa et al., 2006) . To examine whether the presence of D53 (or its phosphorylation state) altered the reactivity of T65, we analysed cytotoxin expression in GBS strains that had an alanine substitution of aspartate 53 (D53A) in the presence and absence of T65E and T65A CovR respectively. The CovR allele containing an alanine substitution of the predicted active site D53 failed to complement the DcovR strain (Fig. 2B ). Transcription of b-H/C and CAMP factor in the GBS strain encoding D53A A. The entire CovR coding sequence comprising 229 amino acids is shown. The amino acids encoded in the N-(N120) and C-terminal (C108) CovR are indicated by the filled and unfilled line respectively. The N120 CovR contains two serine and six threonine residues, while the C108 CovR (which was constructed to have a methionine start codon) has six serine and eight threonine residues. B and C. In vitro phosphorylation reactions were performed with approximately 0.5-1 mg of GST-Stk1 protein and WT, N120 or C108 CovR as described in the Experimental procedures. All samples were analysed on 15% SDS-PAGE, stained with Coomassie and exposed to autoradiography. Note that Stk1 phosphorylates full-length CovR-His6 and N-terminal CovR-His6 (see lanes 3 and 5 in 'C'). The band denoted by asterisk (*) observed with C108 (see lane 7 in 'C') is also seen with Stk1 alone (see lane 1 in 'C'). Lane 'L' is the pre-stained Protein Standards (Bio-Rad). D and E. In vitro phosphorylation reactions were performed with approximately 0.5-1 mg of GST-Stk1 protein and CovR substitution mutants as described in the Experimental procedures. All samples were analysed on 15% SDS-PAGE, stained with Coomassie and exposed to autoradiography. Autoradiograph shows that Stk1 phosphorylation is drastically reduced or abolished in T65A N-terminal CovR-His6 (Fig. 1E , lane 4) in contrast to T33A (see lane 2 in 'E') or T73/74A CovR (see lane 6 in 'E'). Autophosphorylation of T65A, T33A and T73/74A was not observed (see lanes 1, 3 and 5 in 'E').
Fig. 2.
Cytotoxin expression in GBS strains encoding T65A and T65E CovR. A. T65A CovR complements the DcovR strain for repression of b-H/C and activation of CAMP factor expression unlike the T65E CovR. CAMP factor activity is represented by the triangular zone of lysis at the junction between GBS and b-lysin producing Staphylococcus aureus on blood-agar plates. b-H/C activity is represented by the zone of clearing around GBS. A909 represents wild-type GBS. The strains encoding the T65A and T65E CovR alleles on the GBS chromosome are isogenic to A909. The DcovR is a covR deletion in A909. Note that CAMP factor activity is greater in T65A when compared with T65E or DcovR. B. Complementation of the DcovR strain by T65A CovR requires D53. GBS strains encoding D53A, D53A/T65A and D53A/T65E CovR are compared with WT and the isogenic DcovR strain. Note that the decrease in b-H/C and increase in CAMP factor expression seen in T65A (shown in A) is abolished in D53A/T65A CovR.
CovR was similar to the DcovR strain (Table 1) . Interestingly, cytotoxin expression in GBS strains containing the double substitutions (i.e. D53A/T65A or D53A/T65E CovR) was also similar to the DcovR strain (Fig. 2B) . Transcription of cylE and cfb in these strains was also similar to the DcovR strain (data not shown). Taken together, these data indicate that D53 is essential for CovR function, including its regulation at T65 in GBS.
Other CovR-regulated genes are affected by the T65E CovR substitution
We examined whether the T65E and T65A substitutions differentially affect the expression of other CovRregulated GBS genes. A recent study showed that although CovR/S regulates 150 genes in GBS serotypes Ia, III and V, 39 genes comprise the core regulon (Jiang et al., 2008) . A subset of genes that represent both CovRrepressed and -activated genes from this core regulon were chosen for verification by qRT-PCR. The results shown in Table 1 indicate that genes that are negatively regulated by CovR are repressed in the GBS strain encoding T65A CovR, in contrast to the strains encoding either T65E or D53A CovR. Likewise, increased transcription of CovR activated genes was observed in the strain encoding T65A CovR, but not strains encoding T65E or D53A CovR (Table 1 ). Despite the observation that CovR family members differentially regulate expression of their promoters (Lamy et al., 2004; Jiang et al., 2005; 2008) [as does CovR in GAS as well as the archetype member OmpR (Gao et al., 2005; Gusa et al., 2006; Rhee et al., 2008) ], our results confirm that T65A and T65E substitutions have similar effects on CovR function. Thus, T65A
but not T65E CovR is functional in GBS and requires D53. We also predict that in the absence of Stk1, CovR activity might be further increased in the presence of (as yet unidentified) environmental cues that enhance CovS activation of CovR.
T65E CovR does not bind promoter DNA
Previous studies have shown that CovR binds to the promoter of b-H/C and represses transcription (Lamy et al., 2004; Jiang et al., 2008) . Aspartate phosphorylation (CovR~P) increases CovR affinity and enhances repression at this locus. We hypothesized that phosphorylation of CovR at T65 modulates CovR activity by decreasing the DNA binding affinity to target promoters. In particular, as T65E CovR did not restore CovR function ( Fig. 2) , we predicted that the T65E CovR protein would demonstrate decreased promoter binding. To test this possibility, we compared the ability of WT and T65E CovR to bind to the b-H/C promoter, P cylX. WT and CovR mutant proteins were pretreated with the acetyl phosphate (denoted as CovR~P) prior to binding as described in Experimental procedures. The results shown in Fig. 3A indicate that CovR~P binds to the PcylX promoter as shown previously (Lamy et al., 2004) . The concentration of CovR~P required and the pattern of retardation of probe PcylX in the electrophoretic mobility shift assay (EMSA) was similar to that previously observed (Lamy et al., 2004; Jiang et al., 2008) . CovR-mediated retardation of DNA was competitively inhibited by excess unlabelled PcylX DNA (data not shown). Most notably, the T65E mutant was unable to bind PcylX at any of the concentrations employed (compare lanes 4, 5, 6 and 7 CovR-activated genes cfb (CAMP factor) 0.14 Ϯ < 0.01
a. qRT-PCR was performed as described in Experimental procedures. Gene expression is denoted as fold difference relative to the WT GBS strain A909. b and c. No significant difference in gene expression was observed between these sets of strains. Standard error is indicated. Choice of CovR-regulated genes other than cylE and cfb were based on the CovR core regulon described in Jiang et al. (2008) .
between Fig. 3A and B). The lowest [CovR~P] where a mobility shift was observed was 1.76 mM, yet at fourfold higher concentrations of T65E CovR, no significant shift was apparent, indicating the lower affinity of T65E CovR at the b-H/C promoter.
T65E CovR does not protect PcylX promoter from DNase I cleavage
Due to the relatively modest decrease in DNA mobility observed with CovR~P in the EMSA (see Fig. 3A and Lamy et al., 2004; Jiang et al., 2005; 2008) , we performed DNase I footprinting of the PcylX promoter region in the presence of WT, T65E and T65A CovR~P respectively (Fig. 4) . In the presence of WT (lanes 2-5) and T65A CovR~P (lanes 7-10), two regions of protection are evident. One covers approximately 40 bp of P cylX DNA from -291 to -252 relative to the translational start site of cylX, as reported previously (Lamy et al., 2004 ). An additional downstream promoter region (from -198 to -189) is also protected by WT and T65A CovR~P. CovR~P appears to have lower affinity for this downstream site, as it takes slightly higher concentrations (about twofold) for protection to be evident. In contrast, in the presence of T65E CovR~P, no significant protection of promoter DNA was observed (lanes 11-14). The concentrations of CovR~P employed in the footprinting assay were similar to those in the EMSA (Fig. 3) . Of note, incubation of CovR with the phosphodonor was required to observe protection from DNase I (data not shown). Taken together, these results suggest that modification of T65 to confer a negative charge (e.g. substitution with glutamate or phosphorylation of the threonine) substantially reduces the ability of CovR~P to bind to target promoters and likely accounts for the increased CovR function observed previously in the Dstk1 strains (Rajagopal et al., 2006) .
T65E CovR decreases phosphorylation of D53 by acetyl phosphate
One explanation for the diminished ability of T65E CovR to bind promoter DNA and its lack of function in GBS (Figs 3 and 4; Table 1) is that the presence of this substitution decreases or prevents phosphorylation at the conserved aspartate residue in the active site (D53). To test this hypothesis, we compared phosphorylation of WT, T65E, D53A and T65A CovR using [ 32 P]-acetyl phosphate as the phosphodonor. Low-molecular-weight compounds such as acetyl phosphate have been described to serve as phosphodonors for aspartate phosphorylation of response regulators both in vitro and in vivo (Lukat et al., 1992; Kenney et al., 1995; Klein et al., 2007) . Synthesis of [ 32 P]-acetyl phosphate and phosphorylation of CovR were performed as described in Experimental procedures and the results are shown in Fig. 5A . Our results indicate that both WT and T65A CovR were phosphorylated in the presence of acetyl phosphate at similar efficiencies (see lanes 1 and 3). As expected, alanine substitution of D53 abolished acetyl phosphate phosphorylation (lane 2). Importantly, T65E CovR exhibited a dramatic decrease (Ն 3-fold) in phosphorylation by acetyl phosphate (lane 4) suggesting that substitution of T65 with a negative charge reduces phosphorylation at the conserved aspartate residue at position 53. This result suggests that T65E CovR is deficient for CovR function because it reduces or prevents phosphorylation at D53, thus preventing DNA binding (Figs 3 and 4) . Fig. 3 . T65E CovR does not bind promoter DNA. Electrophoretic mobility shift assay was performed using the PcylX promoter DNA as probe. The 176 bp PcylX promoter was amplified using the oligos PcylxL and PcylxR (see Table S1 ) and incubated with equimolar concentrations of acetyl phosphate treated WT CovR (CovR~P) (A) and T65E CovR~P (B). In both cases, lane 1 represents the probe-only control and lanes 2-7 represent increasing amounts of CovR from 0. 44 to 7.18 mM. Note that retardation in mobility of the probe DNA was observed with increasing concentrations of WT CovR~P and not with the T65E CovR~P.
Phosphorylation by Stk1 decreases CovR phosphorylation at D53
As the phosphomimetic T65E CovR exhibited decreased phosphorylation at D53 (Fig. 5A) , we next examined and T65E CovR~P were used in DNase I protection assays of the PcylX promoter. The lanes G, A, T and C represent the DNA sequencing ladder. Lanes 1 and 6 represent DNase I-only controls. Lanes 2-5, 7-10 and 11-14 represent WT, T65A and T65E CovR~P at 1, 2, 4 and 8 mM respectively. The co-ordinates of CovR protection from -291 to -252 of the predicted cylX translational start site was described previously (Lamy et al., 2004) . These footprinting analyses also indicate CovR protection of PcylX from -198 to -189 which was not previously observed. Importantly, in all cases, the T65A CovR~P demonstrated DNA protection similar to WT CovR, whereas no significant DNA protection is observed with T65E CovR. The black bar to the right of the panel delineates the extent of CovR-mediated protection from DNase I cleavage. The grey bar depicts the predicted CovR DNA sequence motif (Lamy et al., 2004). phosphorylation by acetyl phosphate decreased Ն 2-fold when it was first phosphorylated by Stk1 (compare lane 2 with lane 1). As expected, we did not observe autophosphorylation of Stk1 in the presence of [ 32 P]-acetyl phosphate (lane 3). These data confirm that Stk1 phosphorylation of CovR at T65 decreases the reactivity of D53 and reduces its phosphorylation. Given that the presence of the phosphodonor was essential for protection against DNase I, decreasing CovR~P at D53 would lead to a reduction in DNA binding and a relief of repression of PcylX.
CovR phosphorylation at D53 decreases Stk1 phosphorylation at T65
As phosphorylation by Stk1 at T65 decreased CovR phosphorylation at D53, we predicted that CovR phosphorylation at D53 would exclude Stk1 phosphorylation at T65. To test this hypothesis, we incubated CovR in the presence and absence of non-radioactive acetyl phosphate prior to addition of . These data confirm that phosphorylation at D53 decreases CovR phosphorylation at T65 and vice versa. This result suggests that once CovR is phosphorylated at D53, T65 is inaccessible for phosphorylation by Stk1.
Phosphorylation by Stk1 decreases CovR promoter binding
We next examined the effect of Stk1 (threonine) phosphorylation on promoter binding of CovR. To this end, CovR was first phosphorylated by Stk1 that was retained on glutathione sepharose and subsequently the threoninephosphorylated CovR was treated with acetyl phosphate as described in the Experimental procedures. Equimolar concentrations of threonine phosphorylated CovR (CovR~Tp) and aspartate-phosphorylated CovR (CovR~P) were used in promoter binding assays that employed the P cylX probe. The results shown in Fig. 6A indicate that promoter binding of CovR~P to PcylX (lanes 2-5) was similar to that observed previously (Fig. 3A) . In contrast, promoter binding of CovR was eliminated when CovR was first phosphorylated by Stk1 (CovR~Tp, lanes 6-9). Taken together, these data demonstrate that Stk1 phosphorylation of CovR prevents promoter DNA binding. As expected, incubation of PcylX probe with Stk1 alone indicated that Stk1 does not bind DNA because it does not contain canonical DNA binding domain/s. 
DNA binding decreases CovR phosphorylation by Stk1
In the OmpR subfamily of response regulators, previous studies have shown that DNA binding stimulates aspartate phosphorylation and vice versa (Ames et al., 1999; Tran et al., 2000; Mattison et al., 2002; Gao et al., 2005; Gusa et al., 2006) . It was therefore of interest to determine whether CovR-specific promoter DNA can affect the reactivity of T65 to the Stk1 kinase. To this end, we preincubated unphosphorylated CovR with either the CovRspecific P cylX promoter or non-specific DNA prior to in vitro phosphorylation reactions in the presence of Stk1 (see Experimental procedures for details). As observed previously, Stk1 phosphorylates CovR (lane 3, Fig. 6B ). However, in the presence of PcylX, a 40% decrease in phosphorylation is observed (lane 4). As this decrease was not observed when CovR was pre-incubated with non-specific DNA (lane 5), these data together with the results in Fig. 5C suggest that Stk1 preferentially phosphorylates free and unphosphorylated CovR rather than DNA-bound CovR or free CovR~P.
Discussion
Signalling systems are essential for organisms to respond to their dynamic external environment. The importance of TCS in bacterial signalling and their role in expression of virulence factors has been described for many pathogenic organisms (for recent reviews, see Beier and Gross, 2006; Laub and Goulian, 2007; Bourret, 2008) . Control of the function of two-component response regulators by cognate histidine kinases through phosphorylation at the conserved aspartate residue has been extensively studied in both Gram negative and Gram positive bacteria. Our studies on the link between a TCS (CovR/ CovS) and a S/T kinase (Stk1) in the human pathogen GBS provides evidence for a novel method of control of a response regulator that is important for toxin expression.
We previously showed that Stk1 regulates toxin expression in a manner that is opposite to but dependent on the response regulator CovR and that it can phosphorylate CovR in vitro (Rajagopal et al., 2006) . To elucidate the role of CovR phosphorylation by Stk1, we identified the amino acid residue that is modified and subsequently compared the function of a negatively charged or phosphomimetic allele with a corresponding non-phosphorylated allele. Because reversible phosphorylation is a substoichiometric reaction, only a small fraction of a protein is in the phosphorylated state at any given time (Raggiaschi et al., 2005; Thomas et al., 2008) . This complexity is further accentuated for CovR because in addition to threonine phosphorylation by Stk1, it is also subject to aspartate phosphorylation by CovS and/or low-molecular-weight phosphodonors (Lamy et al., 2004; Jiang et al., 2008) . Therefore, the phosphomimetic allele enables us to selectively define whether the negative charge conferred by the phosphate on the threonine residue due to Stk1 had a role in CovR function.
In this study, we have extended our previous observations and identified that Stk1 phosphorylates CovR at threonine 65. Consistent with the phenotypes of the Dstk1 strains (Rajagopal et al., 2006) and our hypothesis that In vitro phosphorylation of CovR was performed using Stk1 that was bound to GST-sepharose. Electrophoretic mobility shift assay was then performed using PcylX DNA as probe. The 176 bp PcylX promoter was amplified using the oligos PcylxL and PcylxR (see Table S1 ) and incubated with equimolar concentrations of threonine-phosphorylated CovR (CovR~Tp) and non-threonine-phosphorylated CovR (see Experimental procedures). Lane 1 represents the probe-only control and lanes 2-5 represent increasing amounts of CovR~P from 1.76 to 14.36 mM and lanes 6-9 represent increasing amounts of CovR~Tp from 1.76 to 14.36 mM. Note that retardation in mobility of the probe DNA was observed with increasing concentrations of CovR~P and not with the CovR~Tp. As an additional control, lane 10 contained 3 mM of Stk1 alone (i.e. no CovR) and demonstrates that Stk1 itself does not bind to PcylX DNA. B. CovR phosphorylation by Stk1 is reduced in the presence of CovR-specific promoter DNA. Equal concentrations of unphosphorylated CovR were pre-incubated with either a CovR-specific promoter, i.e. PcylX (lane 4) or non-specific DNA (lane 5) prior to in vitro phosphorylation reaction with Stk1 (see Experimental procedures). All samples were analysed on 12% SDS-PAGE and exposed to autoradiography. The figure shown is one of three independent experiments. In lane 3, a control reaction that did not contain DNA is shown. CovR phosphorylation was reduced to 60% in the presence of PcylX DNA (lane 4) compared with the absence of DNA (lane 3).
Stk1 phosphorylation decreases CovR activity, GBS encoding the T65E CovR are deficient for CovR function in contrast to T65A CovR. Interestingly, the T65E CovR and Stk1-phosphorylated CovR exhibit dramatically reduced phosphorylation of D53. As the substitution of T65 with an alanine did not negatively affect D53 phosphorylation, DNA binding or CovR function in vivo, this suggests that the negative charge from the phosphate group is responsible for allosteric hindrance at position 65. Based on these data, we predict that Stk1-mediated phosphorylation of CovR at T65 induces a conformational change that decreases phosphorylation at D53 and reduces promoter DNA binding and function (see Fig. 7 ). Conversely, as Stk1 phosphorylation is diminished in the presence of CovR~P and CovR-specific promoter DNA, this suggests that when phosphorylated at D53 and bound to DNA, accessibility of T65 is decreased for Stk1 phosphorylation and CovR inactivation (see Fig. 7 ). Detailed mechanistic insights into how phosphorylation at T65 affects CovR phosphorylation at D53 and the subsequent effect on promoter binding and interaction with the transcriptional machinery are not completely understood and require further study.
Homology modelling of CovR with the related response regulator RegX3 of Mycobacterium tuberculosis indicates that T65 is located in the a helix 3 in the N-terminal receiver domain of CovR (see Fig. S1 ). Previous studies have described that residues in a helix 3 of response regulators can function in allosteric interactions. Fluorescent labelling of OmpR at its lone cysteine at position 67 in a helix 3 was reported to inhibit phosphorylation of the conserved aspartate at position 55 and vice versa (Ames et al., 1999) . Our studies provide in vivo relevance that phosphorylation of a threonine residue in a helix 3 by a STK can regulate aspartate phosphorylation and CovR function.
As T65 is conserved in CovR among GBS serotypes (Tettelin et al., 2001; Glaser et al., 2002; Lamy et al., 2004; Jiang et al., 2008) and is important for its regulation by Stk1, we also examined whether T65 was conserved in response regulators that are similar to CovR and are present in bacteria that harbour a STK. Of note, the role of CovR/S in GBS was elucidated based on its homology to the extensively characterized CovR/S system in GAS (Levin and Wessels, 1998; Federle et al., 1999; Heath et al., 1999; Federle and Scott, 2002; Graham et al., 2002; Kreikemeyer et al., 2003; Dalton and Scott, 2004; Lamy et al., 2004; Jiang et al., 2005) . Although the GAS CovR has a threonine residue at position 65, the GBS Stk1 enzyme did not phosphorylate GAS CovR (W.-J. Lin et al., unpublished data) . Because the amino acids immediately flanking the target S or T residue play a critical role in recognition by the STK (Yang and Huang, 1994; Aitken, 2003; Huang et al., 2003; Schwartz and Gygi, 2005; Remenyi et al., 2006) , we speculate that the valine residue at position 64 in GAS CovR (in contrast to the isoleucine in GBS, Fig. S2 ) contributed to the absence of phosphorylation. Whether GAS CovR is regulated by its cognate STK (SP-STK) (Jin and Pancholi, 2006) remains to be investigated.
CovR homologues from other Streptococcal sp. that encode STK such as S. pneumoniae and S. mutans contain either an alanine or an isoleucine residue at position 65 (see Fig. S2 ). Thus, these regulators are not subject to STK phosphorylation at this residue. While T65 is present in only three of the 21 other response regula- tors in the GBS serotype Ia, the amino acids that flank T65 in these regulators are not similar to CovR (data not shown, see Tettelin et al., 2005 for genome sequence). These observations suggest that CovR is the predominant regulator controlled by Stk1 phosphorylation in GBS. Recently, the S/T kinase StkP of S. pneumoniae was described to phosphorylate the response regulator RitR (Ulijasz et al., 2008) . These studies showed that StkP phosphorylated RitR at the C-terminal DNA binding domain. However, the amino acid residue/s in RitR that is phosphorylated was not identified and the functional consequence of StkP phosphorylation of RitR is not understood. As an asparagine residue replaces the conserved aspartate at the active site of RitR (see Fig. S2 ) and StkP phosphorylates the C-terminal domain of RitR (Ulijasz et al., 2008) , these observations suggest that S/T phosphorylation does not affect RitR similar to the GBS CovR. Mechanistic insight on how StkP phosphorylation affects RitR function remains to be elucidated and will provide information on how this interaction affects virulence factor expression and pneumococcal pathogenesis.
It is well known that bacteria modulate expression of their virulence factors because constitutive expression can be as detrimental as the absence of virulence gene expression. This phenomenon is well established in Salmonella wherein constitutive expression of virulence factors by TCS causes attenuation in disease similar to the lack of virulence factors (Miller and Mekalanos, 1990; Mouslim et al., 2004) . Thus, it is advantageous for pathogens to regulate gene expression in response to the host environment. As CovR is a global regulator that affects the expression of at least 150 genes in the GBS serotypes 1a, III and V (Lamy et al., 2004; Jiang et al., 2005; 2008) , modulation of its activity is critical for disease pathogenesis. Cognate sensor kinases play a crucial role in control of response regulator function. Although the sensor kinases Stk1 and CovS only moderately regulate CovR during GBS growth in laboratory media (Lamy et al., 2004; Rajagopal et al., 2006; Jiang et al., 2008) , we predict that GBS may preferentially use either Stk1 or CovS to regulate CovR during disease pathogenesis. This additional level of regulation can be particularly advantageous for control of toxins such as b-H/C and CAMP factor. The pluripotent toxin b-H/C is critical for various facets of GBS disease including entry and invasion of host cells and also in evasion of host defences (Nizet et al., 1996; Gibson et al., 1999; Spellerberg et al., 2000; Puliti et al., 2000; Ring et al., 2000; Pritzlaff et al., 2001; Doran et al., 2002; Nizet, 2002; Spellerberg, 2003) . Interestingly, the normal human pulmonary surfactant Dipalmitoylphosphatidylcholine (DPPC) has antagonistic properties to this toxin (Liu et al., 2004; Hensler et al., 2008a) , indicating that expression of b-H/C in a normal human lung can be detrimental to GBS. Furthermore, a recent study showed that although previously presumed important for many facets of GBS disease (Skalka and Smola, 1981; Jurgens et al., 1985; Tapsall and Phillips, 1987; Podbielski et al., 1994; Takaisi-Kikuni et al., 1997; Lang and Palmer, 2003) , CAMP factor is dispensable for systemic virulence (Hensler et al., 2008b) . It is therefore conceivable that opposing regulation of the two cytotoxins achieved through CovR/S and Stk1 is important for GBS pathogenesis. We predict that in certain host niches (e.g. during invasion of host tissues), expression of CovR-repressed genes like b-H/C and repression of CovR-activated genes like CAMP factor are important for GBS. Under these conditions, Stk1 can sense environmental cues to phosphorylate CovR at T65; phosphorylation at T65 will diminish CovR phosphorylation and activation at D53 by CovS or low-molecular-weight phosphodonors. Thus, Stk1 alleviates CovR-mediated repression and activation of GBS genes respectively (see Fig. S3 ). Conversely, in other host niches (e.g. as a colonizer on epithelial or mucosal surfaces and in DPPC environments), enhanced CovR-mediated repression and activation might be advantageous for survival of GBS. Consequently, GBS can use CovS to sense these environments to enhance CovR activity (see Fig. S3 ). Such co-ordinated regulation of gene/virulence factor expression will be beneficial to the pathogen during its disease cycle. Whether or not Stk1 preferentially affects CovS phosphorylation of CovR or CovR phosphorylation by lowmolecular-weight phosphodonors in vivo is under investigation and will enhance our understanding on the link between STK and TCS signalling.
It is important to note that despite the plethora of information available on genes regulated by TCS, little is known about the extracellular signals that trigger the sensor kinases of TCS. Extracellular signals that have been identified include chemical gradients, pH and quorum sensing or antimicrobial peptides (for reviews, see Lyon and Novick, 2004; Mascher et al., 2006; Gunn and Richards, 2007) . Although the GAS sensor kinase CovS responds to the extracellular Mg 2+ concentration (Gryllos et al., 2003; , the GBS CovS does not (Jiang et al., 2005) . External signals that trigger STK in prokaryotes are not known. Identification of the signals that specifically trigger CovS or Stk1 to regulate CovR function will provide important clues on intertwined signalling networks and their role in the GBS virulence programme.
In summary, the results presented in this study indicate that phosphorylation at a threonine residue can decrease aspartate phosphorylation and DNA binding of the GBS response regulator CovR. Conversely, aspartate phosphorylation and DNA binding reduce threonine phosphorylation of CovR. These results suggest that two different phosphorylation events can affect promoter DNA binding of a response regulator with opposite outcomes and is likely to be beneficial for environmental adaptation of GBS and possibly other organisms that encode both STK and response regulators.
Experimental procedures
Bacterial strains and growth conditions
All strains, plasmids and primers used in this study are listed in Table S1 . GBS strains were cultured in Tryptic Soy Broth (Difco Laboratories, Detroit, MI) at 37°C in the presence of 5% CO2 unless indicated otherwise. The WT GBS strain used in this study is A909 (Madoff et al., 1991) . A909 is a clinical isolate of GBS that belongs to the capsular polysaccharide serotype Ia (Madoff et al., 1991) . LR128 is isogenic to A909 where an allelic replacement of covR with sp. abolished CovR expression (Rajagopal et al., 2006) . Routine cultures of Escherichia coli were performed in Luria-Bertani broth (Difco Laboratories, Detroit, MI) at 37°C. Cell growth was monitored by reading optical density at 600 nm. Antibiotics were added at the following concentrations when necessary: for E. coli, ampicillin 100 mg ml -1 , kanamycin 50 mg ml -1 , erythromycin 300 mg ml -1 and spectinomycin 50 mg ml -1 ; for GBS, kanamycin 1000 mg ml -1 , erythromycin 1 mg ml -1 and spectinomycin 300 mg ml -1 . All chemicals were purchased from SigmaAldrich (St Louis, MO) and molecular biology reagents were purchased from New England Biolabs or Promega Corporation, USA.
Construction of truncated and site-directed CovR mutants
The plasmid pLR136 encoding the full-length CovR with a C-terminal His-tag (Rajagopal et al., 2006) was used as the template. Inverse PCR was performed with primers CovR NF and CovR NR to generate a plasmid pSL1 (see Table S1 ) that encodes a N-terminal truncated CovR protein encoding amino acid residues from M1-Q120 (also called N120). Similarly, inverse PCR was performed with primers CovR CF and CovR CR to generate the plasmid pSL2 that encodes a C-terminal truncated CovR encoding amino acids from E121-K229 (also called C108). The plasmid pSL2 was designed to contain a methionine start codon directly upstream of E121. All primers were designed to generate an in-frame HindIII restriction site at the junction that did not alter the coding sequence of CovR in either N120 or C108. Inverse PCR was performed using the following conditions: 98°C 2 min; 30 cycles each at 98°C 10 s, 55°C 15 s, 72°C 5 min 36 s, one cycle at 72°C for 7 min. Site-directed mutants were derived using either pSL1 or pLR136 (Rajagopal et al., 2006) as the template. The QuickChange II Site-Directed Mutagenesis Kit from Stratagene was used to generate CovR mutants following the manufacturer's instructions. Plasmids pSL3 to pSL8 that contain CovR amino acid substitutions are listed in Table S1 . All plasmids were sequenced to confirm the substitution mutation, and the absence of other mutations in the constructs.
Protein purification and in vitro phosphorylation assays
Purification of recombinant glutathione S transferase (GST) Stk1 fusion protein and WT and mutant CovR proteins were performed as described previously (Rajagopal et al., 2006) . In vitro phosphorylation reactions were also carried out as described (Rajagopal et al., 2006) . Briefly, approximately 0.5-1 mg of purified Stk1 was incubated with equal amounts of CovR in kinase buffer (25 mM Tris-HCl pH 8.0, 10 mM MgCl2, 3 mM ATP) containing 10 mCi [g-32 P]-ATP (PerkinElmer, Waltham, MA) for 15 min. Controls included reactions not containing Stk1 and those containing Stk1 alone. Subsequently, all reactions were heated to 100°C for 5 min as phosphoserine and phosphothreonine are heat stable unlike phosphohistidine and phosphoaspartate (Rosenberg, 1996; Ritte et al., 2002) . The samples were then analysed either on 12% or 15% SDS-PAGE, stained with Coomassie and exposed to autoradiography. All experiments were repeated three times for reproducibility. For in vitro phosphorylation in the presence of DNA, CovR was incubated with either CovR specific or non-specific DNA as described for EMSA below. In vitro phosphorylation was then performed as described above.
Construction of GBS chromosomal substitution mutations
Primers comprising either the T65E or T65A alleles were used to amplify a segment of covR and 1Kb of flanking DNA from the 5′ and 3′ end respectively. A909 genomic DNA was used as the template and primer pairs for the T65A construct were VectorF and T65AR and T65AF and VectorR respectively. Likewise, the primers pairs for the T65E construct were VectorF and T65ER and T65EF and VectorR respectively. The resulting PCR fragments that overlapped at position 65 of CovR were ligated using SOEing PCR (Horton, 1995) to generate one large DNA fragment that comprised (i) the entire covR gene; (ii) the desired mutation in covR; and (iii) 1 kb of flanking DNA on both ends of covR. The PCR products had unique restriction sites engineered at the 5′ and 3′ ends of the fragment (NotI and XhoI) and were digested and cloned into NotI and XhoI-linearized pBluescript II KS+ to generate pSL10 encoding T65A CovR and pSL11 encoding T65E CovR respectively. These plasmids were sequenced to confirm the desired covR mutation and the insert DNA from pSL10 and pSL11 were subsequently cloned into NcoI and XhoI-linearized pJRS233 to generate pSL12 and pSL13 respectively. The plasmid pJRS233 is temperature sensitive and is routinely used for construction of mutants in Streptococci (Perez-Casal et al., 1993; Jiang et al., 2005) . The plasmids pSL12 and pSL13 were also sequenced to confirm the presence of T65A and T65E substitutions in CovR and were then transformed into the GBS strain LR128; LR128 has an allelic replacement of covR with a gene that confers resistance to spectinomycin (Rajagopal et al., 2006) . Selection for single cross-overs and screening for the double cross-over mutants were performed as described (Jiang et al., 2005) with a few modifications. Briefly, at least four independent transformants of each covR allele (T65E or T65A) in LR128 were grown in TSB containing erythromycin (encoded on the plasmid) at 30°C. The cultures were diluted 1:20 in liquid Novel response regulator control 1489 broth in the presence of erythromycin and grown overnight at 37°C. Overnight cultures were serially diluted and plated for single colonies on solid media at 37°C, i.e. TSA containing erythromycin. The single cross-overs or plasmid integrants were re-streaked on TSA containing erythromycin at 37°C. Five serial passages were performed for each integrant at 30°C in the absence of antibiotics as described previously (Jiang et al., 2005) . The cultures were then diluted 1:20 in TSB and grown at 37°C till the OD600 reached~0.6; erythromycin was included to the medium and the cultures were incubated for a period of 1 h to promote the growth of any remaining plasmid integrants. Subsequently, D-cycloserine was added to the cultures at a concentration of 100 mg ml -1 and incubated overnight at 37°C. The bacteria were serially diluted and plated on TSA without antibiotics. Colonies that were sensitive to both erythromycin and spectinomycin were selected as potential T65E (LR161) and T65A (LR160) strains. PCR was performed to confirm the presence of the covR gene and DNA sequencing was used to confirm the presence of the desired mutation/s. Subsequently, qRT-PCR was also performed to confirm covR and covS expression in these strains.
The D53A mutant LR159 was also derived as described above. Primer pairs used to construct the D53A mutation were VectorF and D53AR and D53AF and VectorR. The PCR fragments were ligated into pBluescript to generate pSL14. Plasmid pSL14 was used as a template to generate the double D53A\T65A and D53A\T65E substitutions by sitedirected mutagenesis as described previously. Selection for single integrants and screening for the double cross-over events in GBS were performed as described above. The strains LR162 and LR163 encode D53A/T65E and D53A/ T65A CovR respectively. PCR and DNA sequencing were used to confirm the presence of the desired mutation in CovR and qRT-PCR was used to confirm covR/S transcription.
Isolation and purification of total RNA
Total RNA was isolated using the RNeasy Mini kit (QIAGEN, Valencia, CA). In brief, GBS strains were grown to an OD600 of 0.6, centrifuged and washed in 1:1 mixed RNA Protect and TE buffer (QIAGEN, Valencia, CA). The cells were then resuspended in RLT buffer (QIAGEN, Valencia, CA) and lysed using a FastPrep FP101 bead beater (Bio 101) with 3 ¥ 30 s bursts at a power setting of 6, followed by centrifugation. RNA was isolated from the supernatants using the RNeasy Mini kit as described by the manufacturer (QIAGEN, Valencia, CA). RNA concentration and integrity was determined using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) and a NanoDrop 1000 (NanoDrop, Wilmington, DE) for subsequent use in qRT-PCR.
qRT-PCR
qRT-PCR was performed using a one-step QuantiTect SYBR Green RT-PCR kit (QIAGEN, Valencia, CA) following the manufacturer's instructions for a total reaction volume of 20 ml (iCycler thermocycler; Bio-Rad, Hercules, CA). Amplification was performed using the following cycling protocol: denature at 95°C for 15 min, hold at 50°C for 20 min, followed by 40 cycles of a three-step profile consisting of denaturing at 94°C for 15 s, annealing at 52°C for 25 s, and extension at 72°C for 20 s. All runs were immediately followed by a melting curve analysis to evaluate PCR specificity, and showed single primer-specific melting temperatures. All assays were performed in triplicate with three independent biological replicates and three technical replicates for each biological replicate. All primers were calculated using Primer3 services (http://frodo.wi.mit.edu/), purchased from Integrated DNA Technologies (Coralville, IA) and are listed in Table S1 . Relative expression was calculated according to the Bio-Rad Real-Time PCR Applications Guide section on the DCT method using a reference gene (Bio-Rad, 2006) . The reference gene used for all runs was the housekeeping ribosomal protein S12 gene rpsL (Jiang et al., 2005) and statistical significance was determined as described previously (Rajagopal et al., 2006) .
Electrophoretic mobility shift assay
Primers to amplify the CovR-regulated b-H/C promoter PcylX for EMSA and DNase I footprinting are listed in Table S1 . The promoter region was PCR amplified using A909 genomic DNA as the template and Pfu DNA Polymerase (Stratagene, La Jolla, CA). The PCR fragment was purified using the QIAquick PCR Purification Kit (QIAGEN, Valencia, CA). End-labelling of the PCR fragment was performed using T4 Polynucleotide Kinase (New England Biolabs, Ipswich, MA) and 125 mCi [g-32 P]-ATP (PerkinElmer, Waltham, MA) as described (Ausubel et al., 1997) . Unincorporated nucleotides were removed using a ProbeQuant G-50 Micro Column (Amersham Bioscience, Piscataway, NJ) and specific activity was determined (SA, unit: c.p.m. ml -1 ) using a BeckmanCoulter LS6500 scintillation counter. Binding reactions were carried out in a final volume of 10 ml in binding buffer that contained 2.5 mM sodium phosphate buffer, 50 mM NaCl, 2 mM MgCl2, 0.05 mg ml -1 poly DI-DC, 0.3 mg ml -1 BSA, 10% glycerol as described (Lamy et al., 2004) . Binding reaction mixtures were added to a constant amount of probe DNA (20 000 c.p.m. ml -1 ) and incubated at 37°C for 15 min. Subsequently, the samples were resolved on 5% PAGE with TBE for 1.4 h at 4°C and 120 V. All TBE-5% PAGE gels were pre-run for 30 min at 4°C immediately prior to use. Dried gels were exposed to the phosphorimager Typhoon (Amersham Bioscience, Piscataway, NJ). To increase specificity of the EMSA, all binding reactions also contained 0.5 pmole of unlabelled, non-specific (non-CovR) binding DNA amplified from GBS using the primers NSPF and NSPR (see Table S1 ). For acetyl phosphate treatment, equimolar concentrations of WT, T65E and T65A CovR were incubated with 32 mM acetyl phosphate for 90 min at 37°C as described (Jiang et al., 2008) prior to the binding reactions. For threonine phosphorylation of CovR in the presence of Stk1, Stk1 was bound to the GST sepharose column as described previously (Rajagopal et al., 2006) . Subsequently 10 mg of CovR protein was phosphorylated by Stk1 that remained bound to the GST column in the presence of 10 mM ATP in kinase buffer (see above). The sample was centrifuged and the supernatant that is enriched for threonine phoshorylated CovR was then treated with acetyl phosphate and subsequently used in the EMSA as described previously.
DNase I footprinting
Templates for DNase I footprinting and DNA sequencing ladders were prepared as described (Walthers et al., 2007) . The primers used for amplification of the PcylX promoter are listed in Table S1 and GBS genomic DNA was used as the template. Purified CovR was incubated in 50 mM Tris-HCl pH 7.5, 50 mM KCl, 20 mM MgCl2 and 25 mM phosphoramidate for 1 h at room temperature. After incubation in the presence of phosphodonor, CovR was added to binding reactions (final volume 20 ml) containing 50 000 c.p.m. of labelled DNA, 1 mg poly[d(I-C)], 10% glycerol, 10 mM MgCl2, 25 mM Tris-HCl pH 8.0 and 0.3 mg ml -1 of BSA. The reactions were incubated for 20 min at 37°C. Subsequently, 0.025 U DNase I (Roche) in a volume of 5 ml of 1¥ reaction buffer was added and incubated for another 30 s at room temperature prior to the addition of 5 ml of stop buffer [1.95 M NaAc pH 5.7, 125 mM EDTA and 2.5 mg of glycogen (Roche)]. The samples were ethanol precipitated and resuspended in loading dye containing 95% formamide, 25 mM EDTA and 0.05% each of xylene cyanol and bromophenol blue. Reactions were resolved on an 8% polyacrylamide gel containing 1¥ TBE and 7.5 M urea and analysed using a phosphorimager.
Phosphorylation of CovR with [
P]-acetyl phosphate
Synthesis of [
32 P]-acetyl phosphate was accomplished using carrier-free [ 32 P]-orthophosphate (10 mCi ml -1 , Perkin Elmer) as described (McCleary and Stock, 1994) with the minor modification that the entire protocol was reduced by half. The precipitated [
32 P]-acetyl phosphate was dissolved in a final volume of 100 ml of 100 mM Tris-HCl, pH 7.0 and the concentration was estimated using a modification of the colorimetric assay described (Lipmann and Tuttle, 1945) . Briefly, neutralized hydroxylamine solution was prepared fresh by combining an equal volume of 28% hydrolyamine hydrochloride and 14% NaOH. Lithium potassium acetyl phosphate (Sigma) was used as the standard for the assay. Various concentrations of acetyl phosphate (Sigma) or synthesized [ 32 P]-acetyl phosphate in a final volume of 50 ml were combined with an equal volume of neutralized hydroxylamine and the reaction was incubated at room temperature for 10 min. Subsequently, the samples were acidified by the addition of 50 ml of 1:3 solution of concentrated HCl : dH20 followed by the addition of 50 ml of 5% FeCl3.6H20 in 0.1 N HCl. The absorbance of the purple iron complex was read at 540 nm. The specific activity of the synthesized [ 32 P]-acetyl phosphate was determined (SA, c.p.m. ml -1 ) using a Beckman-Coulter LS6500 scintillation counter. For CovR phosphorylation, 1 mg of either WT or CovR substitution proteins was incubated for 90 min at 37°C with 32 mM acetyl phosphate (specific activity 8.5 mCi mmol -1 ) in a final volume of 20 ml. Subsequently, SDS-PAGE sample buffer was added to a final concentration of 1¥ and the samples were analysed on a 12% SDS-PAGE and exposed to the phosphorimager as described for other response regulators (Lukat et al., 1992) .
